Recent research has established the effectiveness of sandwich structures with metallic cellular cores for blast mitigation. The choice of core architecture can enhance sandwich performance, dissipating energy through plastic core compression and exploiting fluid-structure interaction effects to reduce the momentum imparted to the structure by the blast. In this paper we describe the first analysis of a novel sandwich core concept for blast mitigation: the stacked folded core. The core consists of an alternating stacked sequence of folded sheets in the Miura (double-corrugated) pattern, with the stack oriented such that the folding kinematics define the out-of plane compressive strength of the core. It offers a number of distinct characteristics compared to existing cellular cores. (i) The kinematics of collapse of the core by a distinctive folding mechanism give it unique mechanical properties, including strong anisotropy. (ii) The fold pattern and stacking arrangement is extremely versatile, offering exceptional freedom to tailor the mechanical properties of the core. This includes freedom to grade the core properties through progressive changes in the fold pattern. (iii) Continuous manufacturing processes have been established for the Miura folded sheets which make up the core. The design is therefore potentially more straightforward and economical to manufacture than other metallic cellular materials. In this first investigation of the stacked folded core, finite element analysis is used to investigate its characteristics under both quasistatic and dynamic loading. A dynamic analysis of an impulsively loaded sandwich beam with a stacked folded core reveals the versatility of the concept for blast mitigation. By altering the fold pattern alone, the durations of key phases of the dynamic sandwich response (core compression, beam bending) can be controlled. By altering both fold pattern and sheet thickness in the core, the same is achieved without altering the density of the core or the mass distribution of the sandwich beam.
Introduction
The response of metallic sandwich structures with cellular cores has been extensively investigated for blast mitigation applications. It has been established that a sandwich structure can outperform an equal mass monolithic plate. Key contributions to sandwich performance include the dissipation of energy through dynamic core compression, and the exploitation of fluid-structure interaction effects to reduce the momentum imparted by a blast (Xue and Hutchinson, 2004; Fleck and Deshpande, 2004; McShane et al., 2007) . A wide range of metallic cellular cores have been investigated for this purpose, including: metallic foams (Deshpande and Fleck, 2000; Radford et al., 2006) , periodic arrays of bars such as the pyramidal and tetrahedral lattices (Sypeck and Wadley, 2001; Kooistra et al., 2004) and prismatic cores such as the hexagonal honeycomb, square honeycomb and corrugated core (Côté et al., 2004; Côté et al., 2006; Doyoyo and Mohr, 2003; Mohr and Doyoyo, 2004) . The dynamic compressive collapse of the cellular core plays an important role in the sandwich response to blast loading (Vaughn and Hutchinson, 2006; Radford et al., 2007; McShane et al., 2012) .
In this paper we describe the first analysis of a novel sandwich core suitable for blast mitigation: the Stacked Folded Core. The concept is sketched in Fig. 1 : individual folded sheets are stacked in alternating layers to form the folded core material. In Fig. 1 , the folded sheets lie in the xy-plane, with alternating layers stacked in the z-direction. A key feature of the proposed concept is the fold pattern of these sheets, the Miura-ori (Miura, 2006) ; by varying the pattern, a rich variety of geometries can be achieved (Khaliulin, 2005) . The core geometry is described in Section 2 of this paper, with further details in Schenk and Guest (2013) . The stacked folded core offers a number of distinct characteristics compared to alternative sandwich core materials. (i) There is exceptional versatility in the core geometry (via the fold pattern and stacking) to alter the collapse kinematics and hence mechanical properties. (ii) The fold pattern can be continuously varied through the thickness of the sandwich core (while preserving the fold kinematics), permitting http://dx.doi.org/10.1016/j.ijsolstr.2014.07.027 0020-7683/Ó 2014 Elsevier Ltd. All rights reserved. graded core properties. (iii) There are established continuous manufacturing processes for the Miura folded sheet comprising the core layers. (iv) The core folding kinematics are amenable to application in active or deployable structures. In the following we briefly outline the background to the core development.
Folded cores
An early example of a sandwich core employing the Miura-ori pattern was reported by Rapp (1960) , and consists of a single folded layer between two facesheets. Miura (1972) derived expressions for the mechanical properties of the core, and listed among its advantages a high shear modulus and strength, an isotropic or controllable shear modulus, and improved buckling resistance due to the ruled surface along the facets. Lebée and Sab (2010) derived analytical and numerical upper and lower bounds for the shear stiffness of chevron folded core materials in a sandwich panel configuration. There have been a number of experimental and numerical investigations of the large deformation compressive collapse of folded cores, including impact energy absorption (refer to Heimbs et al. (2010) for an overview). It is noted that the buckling of the facets of the folded core play an important role in the out-of-plane compression of the folded sheet. A range of methods to introduce appropriate imperfections to finite element models in order to correctly predict this buckling is discussed by Heimbs (2009) and Baranger et al. (2011) . We note, however, that the proposed stacked folded core is less imperfection sensitive, as the collapse mode does not rely on buckling of the facets, but rather the folding kinematics of the folded layers.
Multi-layer folded cores
An important feature of the proposed concept is the use of multiple layers of folded sheets to create the sandwich core material. Basily and Elsayed (2004) investigated the energy absorbing properties of multi-layered core structures, where folded layers were separated by flat sheets. The folded layers and flat sheets were bonded, to inhibit the unfolding of the cores upon impact. The energy absorption of the core material was investigated for different loading directions, and was found to be equivalent to or outperform similar honeycomb structures. Kling (2010) proposed several methods for stacking and joining the folded layers into multi-layered structures. These include stacking multiple layers of identical folded sheets, or alternating sequences of folded sheets with flat or singly-corrugated sheets. Kling (2010) also recognises that the overall folding kinematics can be preserved when stacking identical folded sheets, creating a customisable cellular material with tailored mechanical anisotropy. In that case, the folded sheets are joined along the fold lines, either by providing a slight offset to glue facets to facets, or creating a local inversion along the ridges to slot the next layer into.
The approach taken in this paper has two key novelties compared to existing folded core materials. (i) In the stacking of folded Miura layers, the fold pattern is varied alternately. This allows for a simpler method of bonding the layers whereby each layer simply slots within the fold lines of the previous one. (ii) In using the material as a sandwich core, the stacked layers are oriented so that the folding kinematics of each layer governs the out-of-plane compressive strength and stiffness of the core (the y-direction in Fig. 1 , 2007) indicates that the ability to tailor out-of-plane compressive characteristics is particularly important for optimising sandwich structures for blast mitigation.
Manufacture of multi-layer folded cores
Manufacturing the stacked folded core reduces to two separate problems: the manufacture of folded sheets, and the joining of these sheets in the stack. Here we briefly review techniques for manufacturing the folded Miura sheet (refer to Schenk (2011) for a more detailed overview). These specialised techniques aim to overcome two key challenges associated with the manufacture of folded sheets. Firstly, due to the fold line geometry, there is strong coupling between adjacent folds. This means it is difficult to simultaneously have both folded and unfolded regions in the sheet material. Secondly, during the folding process the sheets contract significantly in-plane, whilst expanding in thickness. Existing methods that solve these problems are categorised as follows.
Synchronous methods
In synchronous folding methods, folding takes place along all fold lines simultaneously. The process often employs a mandrel consisting of hinged rigid plates which fold with the sheet (Khaliulin and Dvoeglazov, 2001; Akishev et al., 2009 ). The synchronous methods involve the least amount of deformation of the sheet material, reducing distortion of the folded sheet. However, it is a batch process, and the mandrel limits the practical size of the final folded sheets, making this approach more suited to prototype manufacture. In Appendix A we present a synchronous folding method suitable for producing metallic Miura folded sheets for laboratory-scale investigations of the stacked folded core.
Gradual folding methods
In recent years there has been renewed interest in folded core materials for lightweight sandwich panels for aircraft construction (Heimbs et al., 2010; Baranger et al., 2011) , which has also spurred the development of continuous manufacturing techniques for these folded sheets. In the gradual folding processes, the sheet material undergoes a gradual transition from flat to the fully folded state, requiring (minimal) bending of the facets between the fold lines. The gradual folding can be achieved by progressive folding through a series of mating patterned rollers (Kling, 2007) . Alternatively, the desired folding pattern is embossed onto the flat sheet material, creating a residual stress field which initiates the folding process; progressive folding then takes place by tapered guides contracting the sheet to its desired width (Kehrle, 2005) . As a continuous process, the gradual folding method has the advantage of increased output rates compared to batch processes. Limitations include costly tooling (e.g. for patterned rollers), and limits on the sheet material rigidity (for the patterning and gathering method).
Pre-gathering methods
Another approach aims to overcome the coupled longitudinal and transverse contraction, by first pre-gathering the sheet material into a singly corrugated sheet. The double corrugation can then be created row-by-row. For example, the double corrugation can be created by periodically inverting the single corrugations (Hochfeld, 1959) , or moving the straight corrugations alternately sideways (Khaliulin et al., 2007) . The second phase can also be achieved continuously, by passing the corrugated material through a set of mating patterned rollers that impart the final shape (Ichikawa, 1995; Elsayed and Basily, 2004) . The pre-gathering methods involve significant material deformations and require expensive dedicated tooling, but are relatively versatile, permitting a wide range of fold patterns and sheet materials.
Outline of the paper
The objectives of this investigation are twofold: (i) To describe the geometric parameters for the stacked folded core concept, and hence illustrate the versatility of this novel cellular material.
(ii) To use finite element analysis to assess the quasi-static and blast response of the stacked folded core, as part of a sandwich beam structure, as the fold pattern is adjusted over a wide range. The paper is structured as follows. In Section 2, the unit cell and stacked folded core geometries are defined, and the fold parameters linked to the folding kinematics and core density. In Section 3, finite element analysis is used to investigate the quasi-static compressive collapse of the core. The influence of unit cell parameters and boundary conditions are considered. In Section 4, dynamic finite element calculations are reported, demonstrating the response of a sandwich beam with a stacked folded core to impulsive loading. The influence of the core fold parameters on the dynamic response are evaluated. Conclusions are provided in Section 5.
Geometry of the stacked folded core
An important feature of the stacked folded core is its versatile geometry. By varying the fold pattern and the stacking sequence, the mechanical properties of the core material can be tailored. In this section the core geometry and kinematics are described, and the rich geometric design space is highlighted.
Unit cell geometry
The Miura-ori folded layers in the stacked folded core consist of a tesselation of unit cells, as shown in Fig. 2(a) (Miura, 2006) . The unit cell geometry can be described in various ways; the parameterisation used here is by the dimensions of its folded configuration, with height H, width 2S, length 2L and amplitude V. These can be converted to the dimensions of the required fold pattern on the flat sheet, Fig. 2(b) , as follows:
The thickness t of the sheet material folded to form the cell completes the description.
Layer stacking
The Miura-ori folded layers are stacked to form a sandwich core as shown in Fig. 1 . Successive layers nest within each other along common fold lines. To allow this nesting, successive layers share the same S; L and V, leaving the heights of the layers, H, to be chosen independently. H could be varied arbitrarily from layer to layer. However, we shall here focus on an ABABA stacking configuration, where the fold pattern alternates between layers, with H B P H A . The result of this stacking process is a cellular folded meta-material that is highly anisotropic in its mechanical properties. The arrangement of the stack for a complete sandwich core is illustrated in Fig 
Core relative density
For a single folded sheet, expressions for the relative density q ¼ q c =q (where q c is the core density and q the density of the sheet material from which it is fabricated) have previously been derived (Klett and Drechsler, 2010; Schenk and Guest, 2013) . For the ABABA stacked folded core configuration, the core relative density can be described in terms of the fold parameters and sheet thickness t, as follows:
We note that the core density can be controlled by adjusting any one of four independent non-dimensional groups: t=L; H B =H A ; L=H A , and V=S. This provides considerable freedom for design and optimisation, allowing a wide range of fold patterns (and hence mechanical properties) to be obtained for a fixed value of core relative density q.
Folding kinematics
The out-of-plane compressive response of the stacked folded core material is dominated by the kinematics of the fold pattern. Assuming that each of the facets remains rigid and the fold lines behave like hinges, and neglecting for the moment the constraint provided by any face sheets in a sandwich structure (this will be described subsequently), a folded Miura-ori layer has a single planar mechanism, characterised by its kinematic expansion coefficient (Schenk and Guest, 2013) :
(a) (b) (c) Here e L and e S represent nominal strains in the x-and y-directions of the unit cell, respectively (Fig. 2) . The kinematics of each folded sheet are thus only determined by the in-plane dimensions S and V. Furthermore, m SL is always negative. Notably, the folding kinematics do not depend on the height H A and H B of the folded layers. Therefore, when stacking the sheets, the expansion coefficient will be constant across all layers, and the folding kinematics are preserved. This realisation is also used to advantage in manufacturing of folded sheets (Khaliulin and Dvoeglazov, 2001) . The coupling between folding of the Miura-ori layers and the change in width W c of the stacked configuration is also described by an expansion coefficient. For large values of n 3 this is shown to be always negative by Schenk and Guest (2013) , and the stacked folded core material therefore has a negative Poisson's ratio in all directions. Further discussion of materials that display a negative Poisson's ratio (auxetics) can be found in Lakes (1987) . The densification (lock-up) strain of the stacked folded corethe point at which the Miura-ori layers are fully collapsed -also depends on the core geometry. When the core is fully collapsed, the amount of overlap between successive A layers (which will affect the densification strain) depends on the height H B of the intermediate B layers. Furthermore, it has been shown that the geometry of the unit cells can be varied within each of the folded layers without inhibiting its folding kinematics in the stacked configuration (Schenk and Guest, 2013) . This grading of the fold pattern allows control of the timing of contact between adjoining unit cells, and hence the lock-up behaviour of the core. This may be used to optimise a core geometry, but will not be pursued further in the current work.
Quasi-static analysis of stacked folded core
The quasi-static out-of-plane compression of the stacked folded core is investigated in order to gain insight into its stiffness and strength, and the sensitivity to boundary conditions. To this end, we investigate the compression of free-standing cores of various dimensions. Finite Element Analysis, employing the commercial package ABAQUS/Standard, is used to investigate the core response.
3.1. Finite element model description 3.1.1. Folded core geometry
In this investigation we restrict attention to the influence of varying three core parameters: the fold parameter V=S, the core depth D c and core length L c (respectively n 1 and n 2 unit cells). The range of values considered for these variables will be defined subsequently. The dimensionless ratio V=S controls the 'chevron' angle of the fold pattern: increasing V=S alters the fold pattern from a simple corrugation at V=S ¼ 0 to a double corrugation, or 'chevron', pattern at larger values; see Fig. 4 . The other fold parameters used in this analysis are held constant, with S ¼ L ¼ H A ¼ 0:010 m and H B ¼ 0:025 m. In all cases a sheet thickness of t ¼ 0:173 mm (37 SWG) and a core width of s ¼ 5 n 3 ¼ 2 ð Þ layers was used.
Boundary conditions
The boundary conditions are defined in the xyz-coordinate system shown in Fig. 1 . For the bottom edges of the core (the edges at y ¼ 0), all degrees of freedom are constrained to be zero. For the top edges of the core (at y ¼ D c ), a vertical displacement d in the negative y-direction is prescribed, with all other degrees of freedom set to zero. These boundary conditions represent the displacement controlled compression of the core between rigid face sheets, to which it is perfectly bonded. The nominal core compression is defined as:
All other free edges in the core stack are left unconstrained. No element contact constraints were specified in the quasi-static analysis, and hence calculations were stopped before element contact was observed.
Finite element discretisation
The folded sheets were meshed with linear shell elements with reduced integration, hourglass control and finite membrane strains (element type S4R in ABAQUS notation). Along the fold lines of individual sheets, common nodes of adjoining facet edges are tied (i.e. all degrees of freedom are fixed to be identical). Hence no relative rotation of adjacent facet edges is permitted, with folding taking place by elasto-plastic facet bending adjacent to the hinge line. Similarly, adjacent layers in the stack of folded sheets were connected by tying degrees of freedom at the contacting fold lines. In practice, hinge behaviour in metallic folded Miura sheets is likely to be more complex, with details of the manufacturing process having an influence. This includes residual stresses from folding the sheets, as well as the method of bonding the sheets into the stacked configuration (e.g. brazing, gluing). However, investigation of these detailed hinge effects is beyond the scope of the current study. Each facet of the Miura sheet was meshed with 22 Â 22 elements, with a local refinement near the fold lines to capture the bending deformations. A mesh convergence study showed that the core response is insensitive to further mesh refinement.
Material model
An elastic-plastic material model representative of High Strength Low Alloy steel HSLA-65 was selected for the folded sheet material. This steel was selected as a material suited to high performance structural applications which has also been characterised at a wide range of strain rates (Nemat-Nasser and Guo, 2005) . The material density is 7800 kg m
À3
. Linear elastic behaviour with Young's modulus E ¼ 200 GPa and Poisson's ratio m ¼ 0:3 was specified. Plastic behaviour follows J 2 flow theory with isotropic hardening. Strain and strain-rate dependent hardening are specified using the Johnson-Cook model (Johnson and Cook, 1983) , as follows:
where r y is the yield stress,ê is the effective plastic strain, and A; B; n; C and _ e 0 are material parameters. Temperature dependent plasticity and material damage have not been included in our 
Single column response
The compressive response of a single column of stacked cells (n 2 ¼ 1) is first studied for two scenarios: (i) a constant core depth (n 1 ¼ 7) with variable ratio V=S ¼ 0:25-2; (ii) a varying core depth, n 1 ¼ 3-7, with a constant V=S ¼ 0:5.
Case (i): Illustrations of the deformed configuration at different levels of core compression e are shown in Fig. 5 for two values of V=S. The vertical force required to compress the core is plotted in Fig. 6 (a) against the nominal core compression for a range of V=S.
To allow comparison with results for larger stacks, the reaction force F is given normalised by the number of cells along the length and width of the stack:
where F t is the total reaction force required to compress the core. The reaction force F is further normalized as follows:
where the projected area of a single column of cells Fig. 5(a) , the column initially deforms uniformly, with the reaction force increasing with core compression. Plastic hinges are observed to develop along the fold lines very early in the deformation. The peak in the reaction force corresponds to 1 We acknowledge that plastic deformation along the hinge lines is likely to be large, and therefore the material will be susceptible to damage and thermal softening in practice. This would in turn influence the compressive strength of the cellular material. However, we opt to omit these details in this first investigation, preferring a simple constitutive model to assist with an initial interpretation of the collapse behaviour.
the onset of localisation, with deformation becoming concentrated in the middle (least constrained) cell. This collapse instability initiates core softening. With increasing V=S the column becomes progressively softer, with lower peak reaction forces. Furthermore, for V=S J 1, localisation does not appear to take place, with the deformation remaining relatively uniform throughout the height of the column, Fig. 5(b) . For values of V=S J 1, strong softening of the core no longer occurs, with the reaction force rising to a plateau of approximately constant force.
Case (ii): To assess the influence of core depth on the localisation phenomena observed for V=S K 1 we consider next the influence of altering n 1 with V=S ¼ 0:5. The force required to compress the core for this case is plotted in Fig. 6(b) . The core strength during the early phase of compression and the peak reaction force attained (at the onset of localisation) are both greater for shorter columns (smaller n 1 ). This can be attributed to the greater influence of the boundary constraints (representing the face sheets) on the kinematics of core collapse. The peak reaction force converges as the stack height is increased, as these boundary effects cease to influence the localised deformation in the centre of the column.
Multi-column response
Next is considered the influence of the number of unit cells n 2 along the length of the sandwich core, with the core depth fixed at n 1 ¼ 7. Again, two scenarios are studied: (i) a constant core length n 2 ¼ 5 with varying V=S ¼ 0:25-2; and (ii) a variable core length, with n 2 ¼ 1-7 with constant V=S ¼ 0:5.
Case (i): Deformed configurations are shown in Fig. 7 for two values of V=S. Notable is the effect of the negative Poisson's ratio on the deformed configuration. For V=S ¼ 0:5 the central row of unit cells (furthest from the facesheets) contract significantly in the transverse direction, whereas for V=S ¼ 1:25 the width of the stack does not change noticeably during compression. The force required to compress the cores are plotted in Fig. 8(a) , normalised as described by Eq. (11) to allow comparison with the single column results. Similar to the single column case, increasing V=S reduces the core strength. For V=S J 1, there is again a lack of strong localisation, and the core deforms uniformly, without softening. The additional constraint provided by the increased number of cells in the stack results in larger peak reaction forces (per unit cell column, Eq. (11)), and more gradual softening for the larger V=S cases, for a given fold pattern. The peak reaction force is also more sensitive to V=S than the single column case.
Case (ii): The influence of this constraint effect is demonstrated further in Fig. 8(b) . As the number of cells along the length of the core is increased, the core becomes significantly stronger (per unit cell column, Eq. (11)) in compression, as the influence of the free edges diminishes. It is observed that for narrow stacks (e.g. n 2 ¼ 1; 3) the deformation is concentrated at the central unit cells, furthest from the face sheets. For wider stacks (e.g. n 2 ¼ 5; 7) the deformation is more uniformly distributed, increasing the overall compressive strength.
Dynamic response of sandwich beams
In this section we use the commercial finite element package ABAQUS/Explicit to investigate the response of a sandwich beam with a stacked folded core to an impulsive load applied to the top face sheet. We investigate the influence of core fold parameters on the sandwich response, considering performance metrics such as back face sheet deflections and support reactions.
Finite element model description
The geometry and boundary conditions of the sandwich beam are shown in Fig. 3 . The beam has span L c ¼ 0:5 m, core depth D c ¼ 0:08 m and width W c ¼ 0:04 m. The face sheet thickness t f is varied, and will be defined subsequently. In this investigation t f is the same for both the front face sheet (defined as that facing the blast) and the back face sheet. The boundary conditions adopted in this investigation are similar to those employed by Tilbrook et al. (2006) . The ends of the core (nominal area W c Á D c ) are constrained against horizontal motion as shown in Fig. 3 . This is representative of a repeating unit of a larger sandwich structure supported periodically on its rear face, where the supporting bulkheads do not extend through the thickness of the sandwich (which would be the case for fully clamped boundary conditions) (Tilbrook et al., 2006) . We opt for a relatively narrow sandwich beam, rather than a wide sandwich plate, due to the computational cost of modelling the core structure. However, the sides of the core (nominal area L c Á D c ) are left unconstrained, i.e. periodic boundary conditions were not applied. This was for two reasons. Firstly, as described in Section 3, the value and sign of the expansion coefficient in the z-direction will vary with the stack size, i.e. the width of the beam. For small stacks it will be positive -consider the behaviour of a single folded sheet -whereas for large stacks it will always be negative. This means that conventional periodic boundary conditions on the edges of the sandwich beam would not accurately reflect the behaviour of a larger panel. Secondly, for the core configurations studied, the expansion coefficient in the z-direction is very small, and much less than that in the xy-plane (of the order of 1%). The beam response is therefore insensitive to the choice of constraint on the sides of the core, and the current model can reasonably be considered indicative of a larger sandwich panel. The finite element discretization (element type, element density) of the folded core is the same as reported previously for the quasi-static analysis. Face sheets were discretized using identical shell elements to the folded core, with a mesh density approximately matching that of the core facets. The ABAQUS 'general contact' option was used to define a hard, frictionless contact between all surfaces in the model, thus capturing core densification.
The material model used in the dynamic analysis is identical to that described in Section 3 above, and is representative of High to the whole face sheet, as shown in Fig. 3 . This approach to modelling blast loading neglects fluid-structure interaction effects which might alter the momentum imparted to the beam for different sandwich configurations Xue and Hutchinson, 2004) . To allow comparison with published investigations of the blast response of sandwich beams, it is convenient to normalise the applied impulse as follows:
where r y ¼ 390 MPa and q ¼ 7800 kgm À3 are the quasi-static yield strength and density of the sheet material used for the core, respectively. The total mass of the sandwich beam m b ¼ m c þ 2 Á m f , where m c is the total mass of the core, and m f is the mass of each face sheet. We restrict the scope of this investigation to a single sandwich beam total mass m b ¼ 1:56 kg, held constant in all calculations. This is equivalent in mass to a monolithic steel plate of 10 mm thickness. We also consider only a single blast impulse I ¼ 0:15, corresponding to a total impulse I 0 ¼ 52:3 Ns or, expressed per unit area of plate, 2.6 kNsm À2 . This impulse magnitude is of the Fig. 12 . Case 1, deflection d at the centre of the front and back face sheets, normalised by the core depth Dc. The nominal core compression at mid-span, given by the difference between the normalised face sheet deflections, is also plotted. The three phases of response are indicated.
same order as that considered in a number of related studies, e.g. Xue and Hutchinson (2004) .
Folded core parameters
As detailed in Section 2, the stacked folded core concept has a wide parameter space that can be exploited for blast resistance. In this investigation we again restrict attention to the influence of one fold parameter: the dimensionless ratio V=S (Fig. 4) . All other fold parameters are held fixed, as follows. Within the core there are n 1 ¼ 4 unit cells through the core depth (D c ) and n 2 ¼ 25 along the core length (L c ). There are a total of s ¼ 5 layers across the width of the core (W c ), with n 3 ¼ 2 pairs of layers A and B (Fig. 1) . For a fixed core envelope, specifying the number of unit cells n 1 ; n 2 and n 3 , will establish the unit cell dimensions H; S and L (refer to Fig. 2) . The chosen sandwich core dimensions One further core parameter remains free: the sheet thickness t. Following Eq. (7), the choice of V and t will determine the relative density of the core. In all calculations, the total mass of the sandwich beam will be held fixed. As parameter V=S is varied, the total mass of the beam can thus be kept constant by either (i) fixing the core sheet thickness t and changing the mass of the face sheets m f or (ii) fixing the mass of the face sheets m f and varying the sheet thickness t; both cases are considered independently. 
Case 1: fixed core sheet thickness t. At an arbitrary reference configuration V=S ¼ 0, the mass of the face sheets and core are selected to be equal: m c ¼ m f ¼ m b =3 ¼ 0:519 kg. Each face sheet therefore has thickness t f ¼ 3:3 mm. A core sheet thickness of t ¼ 0:173 mm (37 SWG) is selected to give the required total core mass for the reference configuration. This sheet thickness was used for all calculations in Case 1. As V=S is increased from the reference state, the density (and therefore mass) of the core increases. The face sheet thickness t f is therefore reduced to maintain constant total sandwich mass. As the momentum imparted to the plate is held fixed, the initial velocity v 0 applied to the front face is therefore increased as m f is reduced. Consequently, the initial kinetic energy varies. Table 1 lists the initial velocity v 0 and imparted kinetic energy U k for each core geometry studied in Case 1. (Fixing impulse, rather than kinetic energy, is a more realistic representation of a fixed blast load in the absence of fluid-structure interaction effects. Variations in kinetic energy are therefore an intrinsic consequence of the sandwich design, and do not invalidate the comparison.)
Case 2: fixed face sheet thickness t f Again, the core sheet thickness t ¼ 0:173 mm and face sheet thicknesses t f ¼ 3:3 mm are fixed in the reference core configuration V=S ¼ 0 to give m c ¼ m f ¼ m b =3 ¼ 0:519 kg. Now, as fold parameter V=S is increased, the core sheet thickness t is reduced to maintain constant core mass. The face sheet masses m f and initial kinetic energy therefore remain the same for all core fold patterns. The variations 
in sheet thickness will, however, influence the core compressive strength compared to Case 1. Table 2 shows the sheet thicknesses used in the finite element calculations.
Results for Case 1: fixed core sheet thickness t
The dynamic collapse of sandwich beams with increasing values of the fold parameter V=S are shown in Figs. 9-11 for the Case 1 beam configuration. V=S ¼ 0 (the prismatic core, Fig. 9 ), shows the highest apparent core strength. Very little core compression takes place, with core buckling mostly concentrated near to the back face supports. For the intermediate case V=S ¼ 1 (Fig. 10) more core compression occurs, concentrated at the moving face sheet (a consequence of the dynamic loading). The core with V=S ¼ 2:00 (Fig. 11) shows the softest core response, with almost complete densification of the core taking place. Subsequently, significant elastic flexure of the beam and core spring back takes place.
The motion of the face sheets is shown in more detail in Figs Elastic oscillations then take place in phase three. These response phases have been observed previously for beams with homogeneous foam cores Tilbrook et al., 2006) . The fold parameter V=S of the current core topology influences some key aspects of these response phases:
1. Durations of the phases: Recent theoretical and finite element modelling work Tilbrook et al., 2006) has shown that the timescales, and overlap, of the phases of sandwich beam response play an important role in blast resistance. From Fig. 12 it can be seen that increasing V=S increases the duration of phase I, the core compression phase. For V=S ¼ 0 the velocities of front and back face sheet equalise almost instantaneously, while for V=S ¼ 2 phase I lasts for $ 1 ms. However, the time difference between the end of phase I (core compression) and the end of phase II (beam bending) appears to be insensitive to V=S. 2. Back face sheet motion: The face sheet velocities at the point at which they equalise (which is approximately equal to the peak back face sheet velocity) reduces as V=S is increased. However, the maximum beam deflection increases, as a result of the higher core compression in phase I and therefore lower beam bending stiffness in phase II. 3. Elastic recovery in phase III: For large V=S, elastic spring back results in the core partly recovering after blast loading, i.e. the permanent core compression is significantly less than the maximum. This is relevant for the post impact structural integrity of the sandwich panel. 
The time variation in the reaction forces at the back face sheet supports are shown in Fig. 14 for four values of fold parameter V=S.
Increasing V=S significantly reduces the reaction force during the core compression phase. However, the peak reaction force, coinciding approximately with the end of phase II, is similar in all cases, reducing slightly with increasing V=S. Note that the reaction forces are not equal at both ends of the beam, due to the asymmetry of the core. This becomes more pronounced for increasing V=S. A summary of the key performance metrics maximum back face deflection, maximum back face velocity and maximum support reaction force, and their dependence on the fold parameter V=S, is shown in Fig. 15 . For Case 1, each performance metric changes monotonically with increasing V=S, peak deflection increasing and peak velocity and reaction force decreasing. However, recall that for Case 1 the imparted kinetic energy increases with increasing fold parameter V=S due to the reduction in the front face sheet mass. The influence of this will be considered in Case 2, next.
Results for Case 2: fixed face sheet thickness t f
The results of the Case 2 finite element calculations are presented in Figs. 16-18 . The key performance metrics are included in Fig. 15 . While the results match Case 1 for low V=S, at high V=S maximum back face velocity and support reaction forces are both higher than for Case 1. This is because the lower core strength compared to Case 1 (due to the smaller sheet thickness t) means that at high V=S the face sheets still have a significant velocity difference when the core densifies, and 'slap' together (a regime noted 
by Tilbrook et al. (2006) for low strength foam cores). This can be seen most clearly in Fig. 17(d) . The deformation sequence in Fig. 19 also shows the very soft core responses seen for larger V=S. Note that core densification occurs first at the beam supports, and the core compression in the centre of the beam (plotted in Fig. 16 ) is lower. Unlike many core topologies, the fold pattern of the stacked folded core can be graded continuously through the core thickness. This feature could be used to optimise the core properties, to take advantage of the best aspects of both soft and strong core characteristics.
Comment on model refinement
A characteristic of the stacked folded cellular material is that the global core mechanics is strongly dependent on local effects, in particular (i) the developing plastic hinges at the fold lines, and (ii) the interfaces between stacked folded sheets (here taken to be perfectly bonded). In this preliminary study, our focus has been on establishing the global core response, rather than the detailed behaviour at these fold lines. It is noted however that locally high plastic strains are observed along the hinge lines during the finite element calculations of the compressive collapse of the core. In some places along the hinge lines the plastic strain reaches unrealistically large levels, in excess of the failure strain of the material. Further investigation will be required to examine, for example, the development of damage at the folds, and the implications of this for energy absorption. The choice of constitutive model governing plastic deformation of the hinge lines will also require further investigation, to understand its influence on, for example, compressive strength and elastic spring back of the core. Further detailed analysis is also required of the interfaces between the stacked layers, as interfacial damage along the common fold lines may also be important. For all calculations reported here, the face sheet equivalent plastic strain never exceeds 0.14, and so omitting face sheet failure is reasonable for this material and loading combination. However, face sheet damage may need to be accounted for at higher blast impulses.
Conclusions
We have presented a novel cellular material constructed from a stack of folded sheets employing the Miura fold pattern. The concept deploys the Miura sheets with a unique stacking arrangement and orientation that allows the compressive collapse of the cellular material to be altered through the fold pattern of the layers. The core geometry has an exceptionally wide range of free parameters, which in turn gives unique flexibility to tailor the mechanical properties of the core. We have considered the application of this material as the core of a sandwich beam, and have used finite element analysis to assess its response to quasi-static out-of-plane compression and simulated blast loading. The current investigation is the first assessment of this core structure and its suitability to these applications. The following conclusions are made:
1. By adjusting one fold parameter, the 'chevron' angle characterised by V=S, the quasi-static compressive strength of the core can be varied over a wide range. Two modes of collapse have been identified. For V=S K 1, the core achieves a high peak strength, but undergoes subsequent strong softening, due to the localisation of deformation within the core. For V=S J 1, the core undergoes more uniform collapse, deforming with approximately constant compressive strength. 2. The onset of localised deformation within the core, particularly at small V=S, has been shown to depend on the boundary constraints. Increasing the number of cells in the stack reduces the tendency for localisation of collapse. 3. When subjected to impulsive loading, representative of a blast, a wide range of sandwich beam behaviours were achieved by altering the fold parameter V=S, from a strong core response with minimal core compression to a very soft response in which full core collapse and densification occured. In addition to core compression, the duration of the core compression phase, peak beam deflection and the reaction forces transmitted to the supports were also influenced. By adjusting either the face sheet thickness or folded sheet thickness in tandem with V=S, this range of responses can be achieved without altering the beam mass. This versatility can be used to optimise the sandwich response to particular threats. 4. For most values of chevron angle V=S considered in this study, the compressive collapse strength of the stacked folded core is comparable (for a similar relative density and cell wall material) to other bending dominated cellular materials, such as foams and honeycombs. However, the rich design space of the core offers unique scope for optimisation. The collapse kinematics offers distinct mechanical properties, including auxetic behaviour, tunable through the fold pattern. It is possible to grade the core properties by adjusting the fold parameters continuously through the stack. Manufacturing techniques have also been established for the continuous and efficient production of the folded Miura sheet from which the core is constructed.
prototyping purposes. To assist folding, the sheets are first locally weakened along the fold lines. This can be achieved by locally thinning the material along the fold lines by chemical etching. Fig. A1 (a) shows a stainless steel sheet (0:2 mm thickness) with the fold pattern (3 mm wide fold lines) etched through half of the sheet thickness. The 'mountain' and 'valley' folds were etched on opposite sides of the sheet; as a result, where the fold lines on opposite sides meet at the vertices, the material was completely removed. This is desirable, in order to avoid complex material deformations at the vertices. Next, a series of freely hinged spacers (consisting of metal plates joined together with adhesive tape to provide the hinge) are placed along the fold lines of the etched plate: see Fig. A1(b) . A second identically etched plate is placed on top of the spacers, parallel with the first sheet. The combination is packed into an air-tight bag, which is connected to a vacuum pump. As the air is removed the resulting pressure difference bends the material along the fold lines; see Fig. A2(a and b) . The biaxial contraction during the folding process is enabled by the freely hinging spacers. The fold depth is limited by the eventual contact between the two sheets, which is determined by the height of the spacers. A resulting folded sheet is shown in Fig. A2(c) . The manufacturing process produced an accurately folded sheet with no material deformation other than bending along the fold lines.
